Chloride-induced corrosion of steel rebar is one of the primary durability problems for reinforced concrete structures in marine environment. Furthermore, if the surfaces of concrete structures have cracks, additional chloride can penetrate into concrete through cracked zone. For chloride ingression into cracked concrete, former researches mainly focus on influence of crack width on chloride diffusion coefficients. Other crack characteristics, such as chloride depth, crack shape (equal-width crack or tapered crack), crack density, and spacing, are not studied in detail. To fill this gap, this paper presents a numerical procedure to simulate chloride ingression into cracked concrete with different crack geometry characteristics. Cracked concrete is divided into two parts, sound zone and cracked zone. For stress-free concrete, the diffusion coefficient of sound zone is approximately assumed to be the same as sound concrete, and the diffusion coefficient of cracked zone is expressed as a piecewise function of crack width. Twodimensional finite element method is used to determine chloride concentration. It is found that, with the increasing of crack width, crack depth, and crack amount, chloride ingression will aggravate. The analysis results generally agree with experimental results.
Introduction
For reinforced concrete structures in marine environment, chloride-induced corrosion of steel rebar is one of the primary durability problems. On the other hand, reinforced and plain concrete structures are often subjected to various solicitations, such as thermal or moisture gradients or mechanical loads. When these solicitations exceed locally the tensile strength of the material, crack will be generated and subsequently affect the transport properties of concrete. Additional chloride can penetrate into concrete through surface cracked zone. Hence, for durability design of reinforced concrete structures, the considerations of influences of cracking on chloride ingression are necessary [1, 2] .
The experimental study and theoretical modelling about chloride ingression in cracked concrete are abundant. Ismail et al. [3, 4] found that crack opening significantly affects chloride-ion diffusion along a crack in mortar. Chloride diffusion along a crack decreases with crack opening. Şahmaran [5] found that for mortar specimens with flexure induced transverse crack, as the crack width was increased, the effective diffusion coefficient was also increased. A significant amount of self-healing was observed within the cracks with width below 50 um subjected to NaCl solution exposure. Besides the experimental study [3] [4] [5] , some theoretical models are proposed to simulate chloride diffusion into cracked concrete. On the basis of two-phase parallel model of cracked concrete [6] , Jang et al. [7] derived the equivalent diffusion coefficient of cracked concrete. Actual tapered crack is simplified as idealized parallel crack by using a crack geometry factor [7] . Park et al. [8] analyzed chloride penetration in cracked concrete with partially saturated condition using equivalent diffusion and permeation. Equivalent chloride diffusivity is analytically proposed by considering a Representative Elementary Volume (REV) model with crack. Kwon et al. [9] regressed the relationship between diffusion coefficients and crack widths and predicted service life of the cracked concrete in the probabilistic framework of Monte 2 Advances in Materials Science and Engineering Carlo simulation. Although equivalent diffusion coefficient of cracked concrete is widely used to evaluate chloride penetration [6] [7] [8] and service life [9] , equivalent diffusion coefficient method shows some disadvantages. Equivalent diffusion coefficient method is a one-dimensional simulation procedure. However, chloride penetration into cracked concrete is a two-dimensional or 3-dimensional process. Due to the influence of cracks, chloride concentration is different at the same concrete cover depth. To overcome the shortcomings of current research [6] [7] [8] [9] , this paper presents a numerical procedure to simulate chloride ingression into cracked concrete. The chloride diffusivity in cracked zone is expressed as functions of crack width. The cracked zone and sound zone of concrete are given individual diffusion coefficients. Crack geometry characteristics, such as crack width, crack depth, crack shape (parallel crack and tapered crack), and crack spacing, are considered. By using twodimensional finite element method, chloride concentration in cracked concrete is calculated. The proposed model is verified using experimental results from literature.
Theoretical Background about Chloride Diffusion Model

Chloride Diffusion in Sound
Concrete. For saturated concrete, chloride ions ingress the concrete by ionic diffusion because of the existing concentration gradient between the exposed environment and the pore solution of the cement matrix. The movement of chloride ions in saturated concrete can be determined by Fick's first law as follows: In saturated concrete, the chloride mass conservation can be described by using Fick's second law as follows:
where denotes the total chloride concentration and is time (s).
During the ingression process, due to chemical reactions between free chloride and anhydrous binders and hydration reaction products, partial free chloride will be chemically bound in concrete. The CSH in concrete also can physically absorb free chloride. Due to the chemical bound and physical bound, the mobile chloride concentration will decrease. The relation among total, bound, and free chloride concentrations in concrete is shown as follows:
where denotes the concentration of bound chlorides. By substituting (3) into (2), Fick's second law equation can be revised as follows:
is apparent diffusion coefficient and / is the binding capacity of the concrete binder.
The effective diffusion coefficient closely relates to capillary porosity of concrete. Due to hydration of cement, capillary porosity of concrete will decrease; effective diffusion coefficient will decrease correspondingly. Hence, effective diffusion coefficient is not a constant, but a time dependent variable. Our former research [10] proposed a kinetic model to describe the evolution of cement hydration and effective diffusion coefficient. For hardening concrete, the effective diffusion coefficient can be determined from capillary porosity of paste phase and aggregate contents in concrete as follows [10] :
where 1 and 2 denote relation coefficients between capillary porosity and chloride diffusivity, paste denotes the capillary porosity in cement paste, and denotes the volume of aggregate in concrete. ( ) is the capillary porosity of concrete which can be calculated using the hydration model [10] . Because ( ) is a time dependent variable, the reduction of chloride diffusion coefficient during immersion test period can be considered by using ( ). 0 is the mass of cement, and 0 is the mass of water in the mix proportion. denotes the density of the cement. The former item 1 * ( paste ) 2 takes into account effect of cement hydration on chloride diffusivity, and the latter item 2(1 − )/(2 + ) takes into account dilution effect of aggregate on chloride diffusivity [11] [12] [13] [14] . On the other hand, it should be noticed that (6) does not consider the effect of gel pore on chloride diffusivity. Equation (6) is generally valid for concrete containing higher capillary pores, such as concrete with a water to binder ratio higher than 0.25. For ultra-high performance concrete (UHPC) with a water to binder ratio of about 0.20, at late ages, capillary pore is very low and chloride diffusivity will closely relate to gel pore. To calculate chloride diffusivity in UHPC, (6) should be revised to consider the effect of gel pore. At a given temperature, the relationships between free and bound chlorides can be described using chloride binding isotherms. Chloride binding isotherms relate to binder and hydration reaction components, such as the content of C 3 A, supplementary cementing materials (SCMs), and pH of the pore solution. Environmental temperature surrounding the system will also influence chloride binding isotherms. Freundlich binding isotherm (nonlinear binding isotherm) is effective in describing the relation between free chloride and bound chloride at a wide concentration range [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . The equation of Freundlich binding isotherm is shown as follows [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] :
where 1 and 2 denote relation coefficients between free chloride and bound chloride. The total porosity of concrete can be determined using hydration model shown in our former research [10] .
Chloride Diffusion Coefficient in Cracked Zone.
Experimental study [3] [4] [5] shows that chloride diffuses in crack with a different coefficient cr which is much larger than the coefficient in concrete matrix. cr varied with the crack width and had no relationship with the binder materials. The relation between chloride diffusion coefficient and crack width can be described using a piecewise function as follows [15] :
where is crack width. As shown in (9), first, when crack width is less than 30 m (30 m is the lower limit which makes crack influence the chloride diffusion), the product of subsequent hydration and self-healing of cementitious materials will jam the crack. So the crack's effect on chloride diffusion can be ignored; second, when crack width is higher than 30 m and less than 120 m (120 m is the upper limit which makes crack influence the chloride diffusion), the product of subsequent hydration cannot block the crack completely, so chloride diffusion will happen in the unblocked part; third, when crack width is higher than 120 m, the product of subsequent hydration cannot block the crack, so cr is equal to chloride diffusion efficient in water H 2 O . Equation (9) is generally valid for chloride penetration into transverse crack of concrete. For considering the difference between isotropic diffusion and anisotropic diffusion, the ingression direction dependent chloride diffusivity should be used. On the other hand, for cracked zone, to accurately simulate the effect of self-healing on durability, the rehydration process of anhydrous cement should be precisely modelled. Equation (9) does not clearly model rehydration process. Equation (9) roughly assumes that the rate of rehydration is much higher than that of chloride ingression and when crack width is less than 30 m, rehydration products can fully jam the crack.
Two-Dimensional Finite Element Method to Solve Chloride
Concentration. In space domain, (4) is a boundary value problem. Using finite element procedure, (4) can be solved as follows [11] [12] [13] [14] :
where [ ] is integral stiffness matrix, [ ] is integral mass matrix, and { } is integral source vector. The integral matrix is obtained by assembling element matrix as follows:
The element stiffness matrix, element mass matrix, and element source vector can be determined using element shape function as follows:
where and are element shape function and is element source item. In time domain, (10) is an initial value problem. The iteration process of (10) is shown as follows [11] [12] [13] [14] :
Generally, the value of iteration parameter should be greater than 0.5 to confirm numerical stability. In this analysis, the value of is used as 2/3 (Galerkin method), which is unconditionally stable.
The calculation steps of proposed numerical procedure are summarized as follows:
First, calculate chloride diffusivity in sound concrete (equation (6)) and chloride binding capacity (equation (8)).
Second, calculate chloride diffusivity in cracked zone (equation (9)). Confirm the continuity condition between cracked zone and sound zone of concrete.
Third, make finite element meshing of test specimens. Confirm the initial conditions and boundary conditions of test specimens. Fourth, using finite element method, calculate chloride concentration at nodes (equation (13)).
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Verification of Proposed Model and Parameter Analysis
Concrete with Equal-Width
Crack. De Schutter [16] investigated chloride ingression into concrete with different crack widths and crack depths. The size of specimen is 40 mm * 40 mm * 160 mm. The cracks were made as notches by means of the positioning and removal of thin copper sheets inside the specimens. The maximum crack width of artificial cracks is 0.5 mm, and the maximum crack depth of artificial cracks is 10 mm. The profile of specimens is shown in Figure 1 . Mixture proportion of mortar specimen is cement : water : sand = 1 : 0.5 : 3. After 28 days of water curing, the specimens were taken out from water tank. The surfaces of specimens were coated using epoxy, except the surface containing crack. Then the specimens were immersed into 3.5% NaCl solution. The chloride penetration depths were measured with silver nitrate solution at regular times. The free chloride concentration at the color change border equals 0.15% by weight of cement [17] [18] [19] [20] [21] [22] [23] [24] . The meshing of sound concrete is shown in Figure 2 (a). Four-node isoparametric element is used to mesh the sound specimen. Two-dimensional finite element analysis is used to calculate free chloride concentration at different exposure periods. In the analysis process, the boundary condition and initial condition are shown as follows: the free chloride concentration at the penetration boundary (bottom of specimen) equals environmental chloride concentration (2.11 kg/m 3 which is corresponding to 3.5% NaCl solution); the free chloride concentration at the opposite side of penetration boundary is set as 0; the initial free chloride concentration is set as 0. The free chloride concentration at the chloride penetration is determined as 0.759 kg/m 3 (corresponding to 0.15% by weight of cement [17] [18] [19] [20] [21] [22] [23] [24] ).
Using experimental results of chloride penetration depth, the apparent chloride diffusion coefficient of sound concrete is calibrated as 3.3 −12 m 2 /s, which is in the range for concretes and mortars made with the different cementitious systems (from 1 −12 to 5 −11 m 2 /s). The contour of free chloride concentration and chloride penetration depth at 8 weeks and 20 weeks are shown in Figure 2 (b) and Figures  2(c) and 2(d) , respectively. As shown in Figures 2(c) and  2(d) , at the same depth, the free chloride concentration is the same. In other words, chloride penetration in sound saturated concrete is a one-dimensional diffusion process. Hence, for sound concrete, Fick's second law can be used to determine free chloride concentration. Figure 3 shows the comparison between finite element analysis results and Fick's second law calculation results. It can be seen that calculation results from two methods are the same.
Cracked concrete can be divided into two zones, cracked zone and sound zone. For stress-free concrete, it is assumed that the chloride diffusion coefficient in sound zone is the same as that of sound concrete. The chloride diffusion coefficient in cracked zone is calculated using (9) . Fournode isoparametric element is used to mesh the cracked specimen. As shown in Figure 4 (a), finer meshing is used in cracked zone compared to that in sound concrete zone. The contour of free chloride concentration at 20 weeks is shown in Figure 4 (b) (crack width 0.3 mm, crack depth 10 mm). As shown in Figure 4(b) , for cracked concrete, the chloride penetration depths are generally symmetrical with crack. At the same depth, because chloride diffusion coefficient in cracked zone is much higher than that of sound zone, chloride concentration in cracked zone is much higher than that in sound zone. Summarily, for cracked concrete, chloride penetration is a two-dimensional diffusion process, and cracks give significant influence on chloride concentration around cracked zone.
The comparison between analyzed results and experimental results is shown in Figures 4(c)-4(f) . Crack width, crack depth, and exposure period are taken into account in this verification process. When crack width and crack depth increase, chloride penetration depth increases correspondingly. At initial age of immersion, cracks significantly contribute to chloride penetration depth. With the increase of immersion age, chloride penetration depth in cracked zone gradually becomes similar to that in uncracked zone. In early age, chloride penetration contour changes are of convex shape, and in late age, chloride penetration contour is horizontal straight line.
Concrete with Tapered Crack.
For real reinforced concrete structures, compared with equal-width crack, tapered crack frequently occurs due to bending stress. For tapered crack, crack width is not homogeneous in cracked zone. On the surface of concrete, crack width is maximum. At the crack depth, crack width approximately equals zero. As shown in (9) , for tapered crack, chloride diffusion coefficient is not constant but depends on local crack width. Experimental results about chloride ingression into concrete with tapered crack [5] are used to verify the proposed model. The specimens were mortar prisms reinforced using three layers of steel mesh reinforcement. The size of prisms was 355.6 * 50.8 * 76.2 mm. After 43 days of water curing, the prisms were cracked by using four-point bending test. One single crack was made in the middle of span. By controlling the beam bending deformation, tapered cracks with different widths and depths were made. The width of crack was measured after loading. Then, the unloaded specimens were immersed into 3% NaCl solution for 30 days. After the immersion period, area around the cracked zone was drilled, ground, and measured for chloride.
The analysis process for chloride concentration in concrete with tapered crack is shown in Figure 5 . Figure 5(a) shows analysis results about chloride concentration for sound concrete. Using experimental results, the surface chloride content is calibrated as 0.45% of concrete weight, and the chloride diffusion coefficient is calibrated as 1 −11 m 2 /s. The boundary condition and material properties of sound concrete are used as input parameters for analyzing chloride ingression into cracked concrete. Figure 6 (a) shows geometry model. Crack width is 0.3 mm, crack depth is 10 mm, the distance between two cracks is 10 mm, and exposure period is 20 weeks. Figure 6(b) shows the meshing of cracked concrete with two equalwidth cracks. Figure 6(c) shows the analysis results about chloride concentration contour. The maximum chloride concentration occurs at the tip of crack. For the zones between two cracks, chloride concentration is lower than that at the tip of crack. As shown in Figure 6(d) , concrete with two cracks shows higher penetration depth than that with single crack. It means that, with the increase of crack number or decrease of crack spacing, more chloride ions will penetrate into concrete. Figure 7 shows the comparison about calculation results between our proposed discrete crack model and equivalent diffusion coefficient method (proposed in [6] [7] [8] [9] ). Figure 7(a) shows the geometry model (concrete with an equal-width crack in the bottom zone). As shown in Figure 7 (b), based on concept of equivalent diffusion coefficient, the geometry is divided into two parts [25, 26] . The equivalent diffusion coefficients in bottom zone 1 are calculated using twophase parallel model of cracked concrete. The diffusion coefficient in the upper sound zone 2 is the same as sound concrete. The analyzed chloride concentration contour and chloride penetration depth are shown in Figures 7(c) and 7(d), respectively. As shown in Figure 7(d) , for cracked zone, the calculation results from equivalent diffusion coefficient method and our proposed discrete crack model are similar. For other zones, equivalent diffusion coefficient method [6] [7] [8] [9] cannot correctly calculate the distribution of chloride concentration because this method does not consider local effect of crack. Contrastively, our proposed discrete crack model is a two-dimensional finite element analysis and can describe the distribution of chloride concentration in cracked concrete.
Conclusions
This paper presents a numerical procedure to simulate chloride ingression into cracked concrete with different crack geometry characteristics. The influences of crack width, crack depth, crack shape, and crack spacing on ingression process are considered. It is found that, with the increase of crack width, crack depth, and crack amount, chloride ingression will aggravate. By using two-dimensional finite element analysis, the proposed discrete crack model can achieve better solutions about chloride concentration in cracked concrete compared to equivalent diffusion coefficient method.
This study focuses on the influence of crack geometry characteristic on chloride transport. The effect of loadings and stress on chloride diffusion coefficient are not taken into account in this study. For reinforced concrete with both structural loadings and cracks, concrete around cracked zone may be damaged due to tensional stress or propagations of fracture process zone. This damage will increase chloride diffusion coefficient of concrete around cracked zone. For evaluating the service life of reinforced concrete structures, to consider the influence of stress state on transport property of concrete, the coupled analysis among structural stress, crack propagation, and chloride transport is necessary.
